Enterotoxigenic Escherichia coli (ETEC) causes ϳ20% of the acute infectious diarrhea (AID) episodes worldwide, often by producing heat-stable enterotoxins (STs), which are peptides structurally homologous to paracrine hormones of the intestinal guanylate cyclase C (GUCY2C) receptor. While molecular mechanisms mediating ST-induced intestinal secretion have been defined, advancements in therapeutics have been hampered for decades by the paucity of disease models that integrate molecular and functional endpoints amenable to high-throughput screening. Here, we reveal that mouse and human intestinal enteroids in three-dimensional ex vivo cultures express the components of the GUCY2C secretory signaling axis. ST and its structural analog, linaclotide, an FDA-approved oral secretagog, induced fluid accumulation quantified simultaneously in scores of enteroid lumens, recapitulating ETEC-induced intestinal secretion. Enteroid secretion depended on canonical molecular signaling events responsible for ETEC-induced diarrhea, including cyclic GMP (cGMP) produced by GUCY2C, activation of cGMP-dependent protein kinase (PKG), and opening of the cystic fibrosis transmembrane conductance regulator (CFTR). Importantly, pharmacological inhibition of CFTR abrogated enteroid fluid secretion, providing proof of concept for the utility of this model to screen antidiarrheal agents. Intestinal enteroids offer a unique model, integrating the GUCY2C signaling axis and luminal fluid secretion, to explore the pathophysiology of, and develop platforms for, high-throughput drug screening to identify novel compounds to prevent and treat ETEC diarrheal disease.
E
nterotoxigenic Escherichia coli (ETEC) remains a major public health issue, causing nearly 400 million illnesses and 500,000 deaths worldwide each year, with most deaths occurring in developing countries in children under age 5 years (1, 2) . ETEC is a heterogeneous bacterial classification, comprising molecular subtypes of E. coli identified by their diarrhea-inducing toxins. These toxins include heat-labile enterotoxins (LT), which are structurally homologous to cholera toxin and induce cyclic AMP (cAMP) accumulation, and heat-stable enterotoxins (STa and STb), which induce cGMP accumulation (3) . Of these, STa (here, simply ST) is the predominant form associated with human disease, comprising 18 amino acids containing three intrachain disulfide bonds that provide the structural stability underlying its eponymous resistance to heat-induced denaturation (3) .
ST is structurally homologous to the paracrine hormones guanylin (GUCA2A) and uroguanylin (GUCA2B), which activate the intestinal guanylate cyclase C (GUCY2C) receptor (4) (5) (6) (7) (8) . However, compared to these endogenous hormones, which contain only two disulfide bonds, ST is resistant to proteolysis, isomerically stable, pH insensitive, and has a higher receptor affinity, resulting in excess GUCY2C activation that leads to diarrhea (4) (5) (6) 9) . Binding of ST to the extracellular ligand-binding domain of GUCY2C activates the cytoplasmic catalytic domain that converts GTP to cGMP (7, 10, 11) . In turn, cyclic nucleotide accumulation activates cGMP-dependent protein kinase (PKG), which phosphorylates and opens the cystic fibrosis transmembrane conductance receptor (CFTR), a channel permeable to chloride and bicarbonate ions (7, 10, (12) (13) (14) . Chloride ions flow down their electrochemical gradient into the intestinal lumen, resulting in electrogenic sodium flux and water secretion, which manifests as secretory diarrhea. This pathophysiological mechanism is the basis for the development of the ST analog linaclotide (Linzess), which has been approved by the FDA to treat patients with chronic constipation and constipation-type irritable bowel syndrome (15) .
While prevention and therapy of ST-induced secretory diarrhea remain important priorities, available biological models limit development of effective agents (16) (17) (18) . In vitro models (e.g., human colon cancer cells) may not recapitulate normal tissue architecture, biology, or molecular signaling events (13, 16, 17, 19) , while in vivo models, such as suckling mice (20) and ileal loops (21) , are labor-intensive and not suited to high-throughput screening. These considerations underscore the need for models of intestinal signaling and secretion which are compatible with high-throughput analyses and recapitulate the pathophysiology of ST-induced diarrhea (2, 16, 17, 22, 23) .
In that context, intestinal ex vivo enteroids in culture have emerged as a transformative model of gut (patho)biology (16, 17) . Stem cells isolated from mouse or human intestinal crypts are propagated in three-dimensional cultures, where they form "miniguts," encompassing the cell types of the mature intestinal epithelium and recapitulating normal intestinal physiology (16, 17, 24) . While enteroids are biologically relevant models for infectious diarrheal diseases (16, 17, 22, 23) , their suitability as a platform to study ST-induced intestinal secretion remains unknown (17) . Since previous studies demonstrated that pharmacological agents, including complex multimeric proteins like cholera toxin, readily access the lumen of enteroids (25, 26) , we predicted that these organoids should respond to GUCY2C ligands. Here, we reveal the ability of mouse and human enteroids to respond to ST and its homologs in a GUCY2C-dependent fashion, providing a high-throughput biologically relevant model to explore the pathophysiology of ST and screen antisecretory agents to treat and prevent diarrheal disease.
MATERIALS AND METHODS

Mice. Gucy2c
ϩ/ϩ and Gucy2c Ϫ/Ϫ C57BL/6 mice were bred, maintained, genotyped, and functionally characterized in the animal care facility at Thomas Jefferson University. For all experiments, mice were harvested between 6 and 12 weeks of age. The Thomas Jefferson University Institutional Animal Care and Use Committee approved all animal protocols.
Crypt isolation and enteroid culture from human small intestine. Enteroids from normal human ileum were prepared by J. Lynch at the University of Pennsylvania. Enteroids were prepared from fresh small intestine segments from surgical cast-offs provided by the Cooperative Human Tissue Network (CHTN; https://www.chtneast.org). Since these tissues were provided without identifiers, they were deemed exempt from the requirement for IRB approval. All human enteroids used in this study were from a single individual. Ileal samples were minced, vortexed in phosphate-buffered saline (PBS) to remove debris, transferred to 30 ml of ice-cold Dulbecco's PBS (DPBS) supplemented with 8 mM EDTA and 1 mM dithiothreitol, and incubated on a rocker at 4°C for 30 min. Supernatants were discarded and replaced with 30 ml ice-cold DPBS and vortexed vigorously 10 times at 3 s per pulse, and supernatants were collected. This procedure was repeated six times, yielding 6 crypt-containing fractions. Fractions were centrifuged at 100 ϫ g for 5 min and resuspended in 2 ml of DPBS supplemented with 10% fetal bovine serum to remove contaminating villi. Fractions were combined and centrifuged for 2 min at 100 ϫ g, and supernatants were removed and immediately centrifuged at 120 ϫ g for 2 min. Supernatants were removed and pellets were pooled in 5 ml of resuspension medium (advanced Dulbecco's modified Eagle's medium [DMEM]/Ham's F-12, 2 mM GlutaMAX, 10 mM HEPES, 1% penicillin-streptomycin). Pelleted crypts were resuspended in GFR matrigel matrix (Corning), and 250 crypts in 50 l of matrigel were seeded per well in a 24-well plate and incubated at 37°C for 10 to 15 min. Cultures were then overlaid with 500 l of complete medium (Advanced DMEM/ Ham's F-12, 2 mM GlutaMAX, 10 mM HEPES, 1% penicillin-streptomycin) supplemented with 1ϫ N-2 (Life Technologies, Carlsbad, CA), 1ϫ B-27 (Life Technologies), 1 mM N-acetyl-L-cysteine, Wnt3a-conditioned medium (1:1; from CRL-2647 cells [ATCC]), 50 ng/ml mouse recombinant epidermal growth factor (catalog number 315-09; PeproTech, Rocky Hill, NJ), 100 ng/ml mouse recombinant Noggin (catalog number 250-38; PeproTech), 1 g/ml human recombinant R-spondin 1 (catalog number 4645-RS-025/CF; R&D Systems), 500 nM A83-01 (Sigma), 10 M SB202190 (catalog number S7067; Sigma), 10 nM gastrin (catalog number G9145; Sigma), and 10 mM nicotinamide (catalog number NO636; Sigma). Human enteroids were maintained at 37°C in a 5% CO 2 atmosphere for at least 7 days before passaging or peptide stimulation. Enteroids from passages 1 to 3 were used for peptide stimulation assays.
Crypt isolation and enteroid culture from mouse small intestines.
Gucy2c
ϩ/ϩ and Gucy2c Ϫ/Ϫ mouse enteroids were established from isolated jejunal crypts; each mouse generates an average of 20,000 crypts, sufficient to seed 40 wells of enteroids. All steps were performed on ice, using reagents cooled to 4°C. Mice were euthanized with CO 2 , and then a 10-to 15-cm length of jejunum (beginning 3 cm distal to the stomach) was excised from the abdomen and placed in a bath of ice-cold DPBS. Using a disposable fine-tip transfer pipette, the tissue lumen was flushed with 5 ml ice-cold DPBS and then opened longitudinally. Tissue samples were flattened onto empty, chilled 10-cm petri dishes with the luminal aspect exposed. Using a glass coverslip, villi were gently scraped off and discarded. The villus-depleted jejunal tissue was then cut into pieces 3 cm in length and pooled in a 50-ml conical tube containing 30 ml of ice-cold dissociation buffer (DB; 10 mM EDTA in Hanks' balanced salt solution [HBSS] ; no Ca 2ϩ , Mg 2ϩ , or phenol red). Tissues were then mechanically disrupted in a series of steps to isolate crypts from their underlying submucosa. First, samples in DB were inverted 5 times in rapid succession, and then moved to ice for 2 to 3 min to allow tissues to settle to the bottom of the tube by gravity. This cycle was repeated for a total of 70 min; every 10 min, the DB was carefully discarded and replaced with fresh DB, being careful not to discard tissue samples. Next, using a 10-ml serological pipette tip, the sample was drawn up and expelled 4 times and then allowed to settle by gravity for 3 to 5 min. After discarding the supernatant and adding 30 ml fresh DB, the sample was again pipetted up and down 5 times, and the resultant solution was passed twice through a 70-m nylon cell strainer. Crypts in the flowthrough were then pelleted by centrifugation at 600 ϫ g (5 min, 4°C), resuspended in 2 ml DMEM/Ham's F-12 50/50 mix (Corning), and counted. Once the total number of crypts per sample was determined, crypts were again pelleted by centrifugation and then resuspended in GFR matrigel matrix (Corning) at a final concentration of 8 to 16 intact crypts/l. Using pipette tips stored at Ϫ20°C, 30-l aliquots of matrigel containing a total of 500 crypts were added to a 48-well plate, and the plate was incubated at 37°C for 15 min to allow the matrigel to solidify. After matrigel solidification, 300 l of IntestiCult OGM mouse basal medium (catalog number 06005; StemCell Technologies, Cambridge, MA) supplemented with 1% penicillin-streptomycin (Corning) was added to each well and replaced every 3 to 4 days. Mouse enteroids were maintained at 37°C in a 5% CO 2 atmosphere for at least 5 days before passaging or peptide stimulation. Enteroids from passages 1 to 3 were used for peptide stimulation assays.
Secretion assays. Established enteroids from a 5-to 7-day-old culture were seeded into a 48-well plate in 30 l matrigel and 300 l of IntestiCult medium, at a concentration of 250 to 500 crypts per well. One week after seeding, enteroids were incubated with various concentrations of GUCY2C-stimulating ligands (STa [catalog number 8075-S-10; Peptisyntha, Inc., Torrance, CA] or linaclotide [Ironwood Pharmaceuticals, Cambridge, MA]) or the cell-permeable cGMP homolog, 8-Br-cGMP (Sigma). For CFTR inhibition experiments, mouse and human enteroids were preincubated for 2 to 3 h with 50 M CFTR inh -172 (Sigma), followed by addition of linaclotide to final concentrations of 1 M and 10 M in mouse and human enteroid cultures, respectively. To test the swelling capability of undifferentiated, crypt-like enteroids, mouse enteroids were cotreated with Wnt3a-conditioned medium (mixed 1:1 with enteroid medium) and 10 M linaclotide. Control and stimulated enteroids were imaged using an Evos FL microscope (Life Technologies) and analyzed using ImageJ. Enteroid area was calculated using ImageJ and converted to volume {4/3[√(area/)] 3 }. The relative increase in volume of individual enteroids was compared to time zero measurements for each enteroid.
RNA isolation and quantitative real-time RT-PCR. RNA was isolated from enteroid cultures by using an RNeasy RNA extraction kit (Qiagen). Relative mRNA levels of GUCY2C, GUCA2A, and GUCA2B (relative to GAPDH levels) were determined by quantitative real-time reverse transcription-PCR (RT-PCR) by using commercially available primer-probe sets (for mouse Gucy2c, Mm01267705_m1; for human GUCY2C, Hs00192035_m1; for mouse Guca2a, Mm00433863_m1; for human GUCA2A, Hs 00157859_m1; for mouse Guca2b, Mm00433865_m1; for human GUCA2B, Hs 00200071_m1; for mouse Gapdh, Mm99999915_g1; for human GAPDH, Hs02758991_g1 [Life Technologies, Carlsbad, CA]).
Immunoblot analysis. Protein was extracted from enteroids lysed in Laemmli buffer that was supplemented with protease and phosphatase inhibitors (Roche). Lysates were analyzed by SDS-PAGE (NuPAGE 4-to-12% bis-Tris gel; Novex Life Technologies) and electrophoretically transferred to a nitrocellulose membrane (Novex Life Technologies). The membrane was blocked with 5% bovine serum albumin (BSA) in PBST (1ϫ PBS and 1% Tween 20) and probed overnight with antibodies to the following proteins: GUCY2C (1:1000; MS20 [27] ), P-VASP Ser239 (1: 1,000; Cell Signaling), and GAPDH (1:2,500; Cell Signaling), followed by incubation with goat anti-mouse horseradish peroxidase (HRP)-conjugated and goat anti-rabbit HRP-conjugated secondary antibodies (1: 50,000; Jackson ImmunoResearch). Blots were developed in SuperSignal West Dura enhanced chemiluminescence (ECL) substrate (Thermo Scientific). Relative intensity was quantified by densitometry using ImageJ and normalized to the instensity of GAPDH. Results reflect the average relative intensity Ϯ standard deviation (SD) for Ն3 independent experiments with cultured enteroids per group.
Immunofluorescence. Enteroids from 5-to 7-day-old cultures were incubated with formalin overnight at room temperature. Enteroids were washed in 70% ethanol for 10 min at room temperature and embedded in 2% agarose for histological processing and embedding in paraffin. Upon deparaffinizing and rehydration, antigens were unmasked in paraffinembedded sections by cooking them in a pressure cooker for 15 min in Dako target retrieval buffer (pH 9.0). The antiguanylin antiserum was a gift from M. Goy (University of North Carolina) and used at a dilution of 1:100 (28); GUCY2C was stained using a monoclonal antibody (MS20 [1:1,000]) previously validated by our laboratory (29) and stained by indirect immunofluorescence (30) .
Competitive cGMP ELISA. To improve assay sensitivity and prevent cGMP degradation, enteroids were pretreated with a phosphodiesterase inhibitor (3-isobutyl-1-methylxanthine [IBMX]; 1 mM) for 1 h at 37°C (29) . Since most of the cGMP generated by enteroids in response to GUCY2C activation is secreted into the medium (see Fig. S1 in the supplemental material), medium samples were tested for all cGMP quantification experiments. Following pretreatment, medium samples were collected and replaced with a fresh medium/IBMX mixture containing 10 M ST, linaclotide, or TJU control peptide [inactive analog ST(5-17)Ala, 9, 17 Cys(Acm), 5,10 6-14 disulfide (Bachem, Bubendorf, Switzerland)] (27) and incubated for an additional 24 h at 37°C. Medium samples from control-, ST-, and linaclotide-treated enteroids and cGMP standards were subjected to acetylation prior to analysis to improve assay sensitivity, as described previously (31) (32) (33) . Black Nunc-immuno 96-well plates (MaxiSorp surface) were coated overnight with 10 g/l goat antirabbit IgG (Jackson ImmunoResearch) in 0.1 M sodium carbonate, pH 9.5. Following blocking with 5% BSA in PBS, acetylated samples/standards were added to rabbit anti-cGMP serum and biotinylated cGMP and incubated overnight at 4°C with constant shaking. Biotinylated cGMP was detected with streptavidin-conjugated horseradish peroxidase (Jackson ImmunoResearch) and developed with QuantaBlu fluorogenic peroxidase substrate (Life Technologies). After 20 min, mean fluorescence intensity was quantified using an automated microplate reader (337-nm excitation, 405-nm emission). A standard curve of known cGMP concentrations was used to interpolate the concentration of cGMP in unknown samples (GraphPad Prism).
Statistical analyses. All data were analyzed using GraphPad Prism v6. A two-way analysis of variance (ANOVA) was used to compare linaclotide-induced swelling of enteroids. Swelling results are expressed as means Ϯ standard errors of the means (SEM). Measurements at single time points or doses were analyzed by ANOVA or Student's t test, unless otherwise indicated. Differences leading to P values of Ͻ0.05 were considered statistically significant. Error bars depict SEM unless specified. For contingency analyses, "responders" were defined as enteroids with a volume greater than the mean ϩ 1 standard deviation, compared to enteroid volumes measured prior to treatment; "nonresponders" were defined as all other enteroids below this threshold. A chi-square test for trend was performed to determine statistical significance. Unless otherwise specified, all data represent Ն2 independent experiments, each with Ն2 replicate samples per condition.
RESULTS
The GUCA2A/B-GUCY2C axis in mouse and human enteroids. GUCY2C mRNA and protein expression were confirmed in mouse and human enteroids (Fig. 1A and B, respectively) , with immunoblot analysis demonstrating multiple bands reflecting the well-established differential glycosylation pattern of GUCY2C (34) . Further, immunofluorescence microscopy demonstrated GUCY2C localization in brush border membranes (Fig. 1A and  B) . Additionally, the GUCY2C-activating paracrine hormones guanylin (GUCA2A) and uroguanylin (GUCA2B) also were detected at the mRNA level in both mouse and human enteroids, and immunofluorescence microscopy revealed colocalization with GUCY2C ( Fig. 1A and B) . As a negative control for mRNA, human and mouse lymph node samples also were assessed for GUCY2C, uroguanylin, and guanylin, none of which were detected. Likewise, Gucy2c Ϫ/Ϫ mice and HEK293 cells, which do not express GUCY2C, served as negative controls for immunoblot analyses of GUCY2C protein in mouse and human enteroids, respectively ( Fig. 1A and B) . Together, these results indicated that the components of the GUCY2C paracrine hormone signaling axis are present in intestinal epithelial cells of established enteroids.
GUCY2C activation and cGMP production in enteroids. Heat-stable enterotoxin (STa) and the ST analog linaclotide both activated GUCY2C in mouse and human enteroids, producing cGMP accumulation ( Fig. 2A and B) . While linaclotide induced cGMP accumulation in Gucy2c ϩ/ϩ mouse enteroids, there was no effect on cyclic nucleotide accumulation in enteroids prepared from Gucy2c Ϫ/Ϫ mice (Fig. 2C) . GUCY2C stimulation and cGMP accumulation activated PKG, quantified as phosphorylation of vasodilator-stimulated protein (VASP) on serine 239, a canonical downstream target of PKG, in Gucy2c ϩ/ϩ mouse and human enteroids ( Fig. 2D and E) . While linaclotide failed to induce VASP phosphorylation in enteroids from Gucy2c Ϫ/Ϫ mice, a cell-permeable analog of the downstream effector of GUCY2C, 8Br-cGMP, induced that phosphorylation event (Fig. 2D) . Thus, mouse and human enteroids maintain canonical GUCY2C signaling and cGMP-dependent activation of established downstream effectors associated with fluid secretion.
ST-induced secretion in mouse and human enteroids. GUCY2C-induced fluid secretion requires cGMP-dependent protein kinase activation and phosphorylation of the CFTR, producing a chloride conductance triggering the secretion of fluid into the intestinal lumen (7, 10, (12) (13) (14) . Three-dimensional enteroid growth results were determined in spheres of cells surrounding a central cavity analogous to the intestinal lumen, permitting quantification of secretion by measuring enteroid swelling and changes in luminal volume in real time by live-cell imaging (14, 15) . ST and linaclotide, but not TJU, increased luminal volumes ( Fig. 3A ; see also Videos S1 and S2 in the supplemental material) in a timeand concentration-dependent fashion (Fig. 3B and C) in enteroids from Gucy2c ϩ/ϩ , but not Gucy2c Ϫ/Ϫ , mice ( Fig. 3A ; see also Videos S3 and S4 in the supplemental material). Similarly, ST and linaclotide, but not TJU, increased the fraction of secreting enteroids in a concentration-dependent fashion (see Fig. S2 in the supplemental material). While GUCY2C ligands were inactive, 8Br-cGMP increased swelling in enteroids from Gucy2c Ϫ/Ϫ mice ( Fig. 3A ; see also Video S5 in the supplemental material), demonstrating the competence of the signaling apparatus downstream of GUCY2C to mediate secretion in these enteroids. Similarly, linaclotide increased swelling of human enteroids in a time-dependent fashion, recapitulating GUCY2C-dependent secretion in mouse enteroids (Fig. 3D) . Lastly, Wnt3a-treated mouse enteroids, which retain a cystic and crypt-like morphology due to the enrichment of Lgr5 stem cells (35) , significantly increased in luminal volume when treated with linaclotide (see Fig. S3 in the supplemental material), demonstrating that Wnt3a-treated enteroids maintain GUCY2C expression and GUCY2C-dependent fluid secretion. CFTR inhibition blocks GUCY2C-mediated secretion in enteroids. GUCY2C-induced intestinal secretion reflects CFTR-dependent regulation of epithelial fluid and electrolyte transport (7, 10, 12-14, 17, 18) . In that context, the CFTR has been a key target for the development of agents to prevent and treat ST-mediated secretory diarrhea (16, 18) . Here, the CFTR inhibitor CFTR inh -172 (18) eliminated linaclotide-induced swelling of enteroids from mice (Fig. 4A) and humans (Fig. 4B) . The data reflected the simultaneous analysis of volume changes in Ͼ50 enteroids by livecell imaging. These studies highlight the suitability of intestinal enteroids as models for high-throughput screening of agents to prevent and treat ST-induced secretory diarrhea.
DISCUSSION
Diarrheal disease remains one of the leading causes of morbidity and mortality, particularly in underdeveloped regions, causing 4% of all deaths and killing 1.2 million children each year (1-3) . Unfortunately, there has been little progress in developing safe and effective therapies since the discovery of coupled solute and water absorption by the sodium-glucose cotransporter and the associated emergence of oral rehydration therapy more than 35 years ago (2, 22, 23) . The essential molecular components, includ- ing receptors, signaling pathways, and channels regulating fluid and electrolyte fluxes in epithelial cells, have been defined (2, 16, 17, 22, 23) . However, experimental models that retain the complex integration of these pathways to recapitulate net secretion and luminal accumulation of fluid volume amenable to highthroughput drug screening have been lacking (2, 16, 17, 22, 23) . In vitro systems have relied on established human colorectal cancer cell lines whose genetic, genomic, and epigenetic abnormalities render them incomplete models of the (patho)physiology of secretory diarrhea (2, 17, 22, 23) . Physiological in vivo models, including suckling mice and rodent intestinal loop assays, are laborintense and low throughput, yield only semiquantitative results, and are incomplete in their interspecies generalizability, reflecting molecular differences in the regulation of fluid and electrolyte transport between rodents and humans (2, 17, 22, 23, 36) .
In such a context, intestinal enteroids have emerged as a novel model that uniquely captures the structure and function of the normal intestinal epithelium. Stem cells isolated from the intestinal crypt base and propagated in three-dimensional culture ex vivo generate enterocyte, Paneth, goblet, and enteroendocrine cells that self-organize into crypt-and villus-like structures characteristic of normal intestinal mucosa (16, 24) . They retain the molecular machinery required to faithfully recapitulate regulated intestinal fluid and electrolyte secretion into a central enteroid lumen (16, 17) . In turn, quantification of net secretion reflects expansion of luminal volumes, measured by live cell imaging (16, 17) . Enteroids are particularly amenable to high-throughput drug screening, reflecting access of macromolecules to the luminal cavity to stimulate secretion, the ability to propagate these structures from frozen stocks, and the ability to perform parallel live-image analyses of virtually unlimited numbers of enteroids simultaneously in real time (16, 17) . Moreover, enteroids can be prepared from rodent or human intestine, overcoming limitations to interspecies mechanistic or therapeutic generalizability. In that context, mouse and human enteroids effectively model the pathophysiological signaling mechanisms underlying secretion induced by cholera toxin, heat-labile enterotoxins, and rotavirus and serve as a high-throughput platform to screen compounds that modulate CFTR activity (16, 17, 37) . The present studies expand earlier observations to reveal that mouse and human enteroids faithfully recapitulate the pathophysiology of fluid and electrolyte secretion induced by STs, a principle cause of secretory diarrhea in humans (1-3). STs induce secretion by binding to GUCY2C, which is expressed in apical membranes of intestinal epithelial cells from the duodenum to the distal rectum (7, 10, 11) . In that context, STs reflect molecular mimicry through convergent evolution, and they are structurally homologous to the endogenous paracrine hormones uroguanylin, which is expressed in villi in the small intestine, and guanylin, which is expressed in crypts throughout the small and large intestine (4, 6, 7, 36) . Their three disulfide bridges make STs resistant to proteolysis, conformationally stable, and pH resistant, resulting in greater secretory potency compared to the endogenous paracrine hormones (4) (5) (6) (7) (8) . Like the paracrine hormones, binding of STs to the extracellular domain of GUCY2C activates the cytoplasmic catalytic domain, which converts GTP into cGMP (7, 10, 11) . In turn, cGMP activates its immediate downstream effector, PKG, which phosphorylates a number of substrates, including VASP and the CFTR (7, 10, (12) (13) (14) .
Here, we have demonstrated that mouse and human enteroids retain the essential components required for ST-induced pathophysiological secretion, including expression of GUCY2C, cGMP production, and PKG activation, that result in cGMP-specific VASP phosphorylation. Further, ST and its structural homolog linaclotide induce net fluid secretion, producing volume expansion of human and mouse enteroid lumens in a dose-and timedependent fashion. Secretion is dependent on GUCY2C activation, and 8Br-cGMP, but not ST or linaclotide, induced luminal expansion in enteroids prepared from Gucy2c Ϫ/Ϫ mice. Moreover, ST-induced secretion was dependent on CFTR conductance, and an inhibitor of that channel blocked luminal expansion in enteroids induced by ST or linaclotide. It is noteworthy that STs induce net accumulation of fluid in the intestinal lumen both by inducing secretion, driven by the CFTR, and by blocking absorption, primarily by inhibiting sodium-hydrogen exchanger 3 (NHE3) (2, 7, 17, 23) . Beyond the role of CFTR in fluid accumu- lation demonstrated here, a recent study revealed that STs regulate NHE3 in human enteroids (17) .
Taken together, these observations suggest that mouse and human enteroids, and the quantification of luminal volume (16, 17) , provide a mutually validating ex vivo assay system that retains the essential components required for pathophysiological intestinal secretion induced by STs. In that regard, the utility of human enteroids to model ST-induced intestinal secretion provides a unique preclinical platform to fill the existing gap in models for the development of agents that advance therapeutic paradigms in enterotoxigenic diarrhea (2, 16, 17, 22, 23) . Further, the sensitivity of this system to inhibition at the level of receptors, signaling mechanisms, and channels supports its application in drug screening (2, 12, 14, 16, 17, 22, 23, 38) . Moreover, the ability to quantify luminal expansion in virtually an unlimited number of enteroids, here and previously (16) , suggests that this platform could be a high-throughput screening system to discover new compounds for the treatment and prevention of secretory diarrhea. It is important to note that these experiments did not test the effects of ex vivo propagation of enteroids beyond passage 3, and further studies are required to determine whether additional passages alter enteroid physiology.
Functional expression of the GUCY2C signaling axis reinforces the emerging paradigm of the utility of enteroids as a platform to explore molecular mechanisms and discover and develop therapies for infectious diarrhea (16, 17, 22, 23) . Beyond ST-induced intestinal secretion, corruption of the GUCY2C paracrine hormone axis is a key step in initiating transformation in sporadic colorectal cancer (39, 40) . Similarly, silencing the GUCY2C endocrine axis plays a role in the pathophysiology of obesity, while the GUCY2C paracrine axis contributes to the evolution of tumorigenesis associated with hyperphagia and morbid adiposity (30) . Moreover, GUCY2C paracrine signaling defends the intestinal barrier, and its disruption contributes to inflammatory bowel disease (41) (42) (43) . Expression of the complete GUCY2C hormone axis, and the recent development of enteroid platforms from transformed epithelia (44) and organoid systems integrating epithelial and mesenchymal components (45) , offer a unique opportunity to couple mechanistic discovery and high-throughput drug development in ex vivo human models that address these diverse areas of an unmet therapeutic need.
